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Vertebrate evolution has been largely driven by the duplication of genes that allow for the acquisition of new functions. The ATP-binding
cassette (ABC) proteins constitute a large and functionally diverse family of membrane transporters. The members of this multigene family are
found in all cellular organisms, most often engaged in the translocation of a wide variety of substrates across lipid membranes. Because of the
diverse function of these genes, their large size, and the large number of orthologs, ABC genes represent an excellent tool to study gene family
evolution. We have identified ABC proteins from the sea squirt (Ciona intestinalis), zebrafish (Danio rerio), and chicken (Gallus gallus) and,
using phylogenetic analysis, identified those genes with a one-to-one orthologous relationship to human ABC proteins. All ABC protein
subfamilies found in Ciona and zebrafish correspond to the human subfamilies, with the exception of a single ABCH subfamily gene found only
in zebrafish. Multiple gene duplication and deletion events were identified in different lineages, indicating an ongoing process of gene evolution.
As many ABC genes are involved in human genetic diseases, and important drug transport phenotypes, the understanding of ABC gene evolution
is important to the development of animal models and functional studies.
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evolution [1]. The ATP-binding cassette (ABC)1 transporters
constitute one of the largest protein multigene families,
providing an attractive model for the study of gene family
evolution. The members of this functionally diverse family are
found in all cellular organisms and have been extensively
studied in humans. They use the energy from ATP hydrolysis to
translocate a wide variety of substrates across extra- and
intracellular membranes. ABC genes are responsible for a large
fraction of the multidrug resistance of cancer cells and
pathogens [2], and mutations in a number of ABC genes are
the cause of 18 distinct inherited diseases, such as cysticAbbreviations: ABC, ATP-binding cassette; NBF, nucleotide binding fold;
TMD, transmembrane domain.
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metabolism [3,4].
A functional ABC transporter is composed of two nucleo-
tide-binding folds (NBFs) and two transmembrane domains
(TMDs). The highly conserved NBF contains three motifs:
Walker A and Walker B domains, found in all ATP-binding
proteins, and a signature motif (LSGG), a distinctive feature of
ABC proteins [2]. The more diverged TMDs recognize and
translocate the substrate across the membrane. In humans, the
48 ABC proteins are divided into seven subfamilies, from A to
G, based on structural arrangements and phylogenetic analysis
[5,6]. These include full transporters that encode a complete
protein and half-transporters that form hetero- or homodimers.
Although several ABC genes, such as ABCB1/MDR1 or
ABCC7/CFTR, have been extensively studied, the functions of
many others are still unknown. Through evolutionary analysis,
we can identify orthologous genes from other organisms.
Inferring that orthologous genes have similar or related
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about the possible function of human genes.
The availability of zebrafish genomic sequence will greatly
enhance its role as a powerful model organism to study
vertebrate development as well as human disease [7,8].
Relatively simple and efficient methods for the analysis of
gene function using morpholino antisense oligonucleotides [9]
have made zebrafish an attractive model organism. There have
been no reports describing ABC transporters from Ciona or
zebrafish except for the identification of two ABCB subfamily
members from zebrafish (TAP2A and TAP2B) [10].
Comparison of the genomes of vertebrates and the sea squirt
Ciona intestinalis, a nonvertebrate chordate, allows for the
study of vertebrate genome evolution and the identification of
genes involved in vertebrate developmental innovations [11].
On the other hand, the radiation of the teleost fishes has been
shown to involve a whole-genome duplication followed by
silencing or loss of copies of many duplicated genes [12]. The
draft genome sequence of the 159-Mb Ciona genome [11]
revealed approximately 16,000 genes, compared to the
estimated 25,000 genes in mammals [13] and 38,000 genes in
Fugu [14].
Recent reviews have provided overviews of ABC proteins in
bacteria [15] and archae [16]. The evolution of paralogous
genes, derived from gene duplication, can been studied by
comparing the genomes of related organisms. In eukaryotes,
paralogous genes often are located in segmental duplications or
gene clusters. Here we provide the evolutionary analysis of
chordate ABC proteins, comparing the proteins from Ciona
(representative of ancestral chordate), zebrafish (a species with
an ancient whole-genome duplication), chicken (a bird), and
dog and human (mammals). In addition, we have determined
the cDNA sequence of several ABC genes from zebrafish and
analyzed the ABC subfamily in the light of whole-genome
duplication [12] in teleost lineage. We have determined a
number of one-to-one orthologous relationships between
mammalian and fish genes, indicating significant gene loss
after the ancient whole-genome duplication. These studies
provide insight into the evolution of ABC genes and give
further knowledge of the evolution of gene families.
Results
Predicted gene models based on ENSEMBL genome
assemblies were analyzed using TblastN to characterize the
ABC genes from zebrafish, chicken, and Ciona. Alignments
were performed to the human homologs and since the analysis
was performed against the preassembly state of the chicken and
zebrafish genomes, manual correction of the sequence was
performed in many cases in which the fragments of a single
gene were located on different contigs or were rearranged. For
many zebrafish genes primers were designed and cDNA was
cloned and sequenced to either confirm the sequence or fill in
gaps. The resulting predicted ABC genes were assigned to
subfamilies based on BLAST similarity score and structural
organization and through phylogenetic analysis. The NBFs of
ABC proteins (which are about 200 aa long) are highlyconserved and allow for phylogenetic analysis between the
proteins from distantly related organisms or from different
subfamilies. To achieve better resolution of proteins within a
subfamily the full protein sequences were analyzed for the
individual subfamilies (except for E and F as well as G and H,
which are closely related and were analyzed together). In total,
33 ABC genes from Ciona, 52 from zebrafish, 41 from chicken,
and 51 from dog were identified (Table 1 and Supplementary
Tables). In addition, a few gene fragments that could not be
further evaluated were identified. Only sequences that cover at
least 60% of the related human protein were included in
phylogenetic analysis.
From this analysis of the vertebrate ABC genes a large
number of duplication events are apparent as well as several
gene deaths. Fig. 1A displays each of the ancestral vertebrate
ABC gene and the gene duplication events (green, i.e., Abca14–
16 in rodents and dog), gene deaths (red, i.e., ABCA14–16 in
human), and duplications specific to fish, rodents, or primates
(in blue, i.e., Abca1a in fish). In total, nine ABC genes (Abca10,
−14,−15,−16, and −17; Abcb1,−4, and −5; and Abcc11) are the
result of duplications that have persisted in most mammalian
genomes that have been sequenced to date, and there are four
examples of gene loss. In addition there are 17 restricted gene
duplications, 13 of which occurred in exclusively in fish, 3 in
rodents, and 1 in primates. These data are supported by analysis
of EST sequences confirming that Abcg3 is not found outside
rodents (data not shown).
To analyze further the gene duplications, the locations of the
duplicated genes were examined and adjacent duplications
identified (Fig. 1B). A total of seven ABC genes have
participated in adjacent duplications. The most complex locus
is that of the ABCA5-related genes, which has undergone an
expansion to five genes in mammals. For example zebrafish
contains a single Abca5-like gene, whereas chicken has three
and all mammals have four (cow) or five genes in this cluster
(Supplementary Figs. 7–12). The ABCB1 gene has undergone
one duplication to create ABCB4 and a separate duplication to
generate the Abcb1b gene in rodents and opossum (Supple-
mentary Figs. 1 and 13–15). Table 2 displays the number of
duplicated and unduplicated genes by subfamily. The genes
expressed in most cells (ABCE and ABCF, ABCB half-
transporters (HT)) and the ABCC genes have undergone few
duplications, whereas the ABCA, ABCB full-transporters (FT)
and ABCG genes have undergone frequent duplication. These
analyses show an active process that includes adjacent
duplications, presumably by unequal crossovers; nonadjacent
duplications believed to occur by chromosome or genome
duplication; and the loss of genes through deletions and
sequence degeneration. There are undoubtedly more gene death
events that cannot be observed because the sequences have
undergone extensive mutation.
The ABCA subfamily
In humans, the ABCA subfamily contains 12 members (Fig.
2A), all of them full-transporters, including the unusually large
ABCA12 and ABCA13 proteins (2595 and 5058 amino acids,
Table 1
Zebrafish ABC genes
Symbol Chromosome ENSEMBL gene name Size zebrafish (aa) Size human (aa) Putative substrate/function
Abca1a LG1 ENSDARG00000020386 2232 2261 Lipids
Abca1b ENSDARG00000003509 2871 Lipids
Abca2 LG5 ENSDARG00000013500 1879 2436 Lipids
Abca3 LG3 ENSDARG00000002789 1717 1704 Lipids
Abca4a LG24 ENSDARG00000009826 2179 2273 Lipids
Abca4b LG2 ENSDARG00000025501 1755 Lipids
Abca5 LG17 ENSDARG00000007619 1571 1642 Lipids
Abca7 LG18 GENSCAN00000019127 2416 2146 Lipids
Abca12 LG9 ENSDARG00000016379 1848 2595 Lipids
Abcb1a LG16 ENSDARG00000021787 903 a 1280 Toxins
Abcb1b LG3 ENSDARG00000010936 1098 Toxins
Abcb2 LG9 ENSDARG00000012245 721 808 Peptides
Abcb3 LG19 ENSDARG00000000550 737 703 Peptides
Abcb3l2 LG19 None 724 Peptides
Abcb3l3 LG12 ENSDARG00000033446 728 Peptides
Abcb6a LG1 ENSDARG00000012471 847 842 Mitochondria
Abcb6b LG9 842 Mitochondria
Abcb7 LG14 ENSDARG00000017324 672 753 FeS cluster transport
Abcb8 LG14 ENSDARG00000008701 722 718
Abcb9 LG10 ENSDARG00000017159 751 766 Peptides
Abcb10 LG13 ENSDARG00000029946 568 738
Abcb11a LG24 ENSDARG00000011573 1196 1321 Bile salts
Abcb11b ENSDARG00000013468 1363 Bile salts
Abcc1 ENSDARG00000019843 1438 1531 Organic anions
Abcc2 LG13 zgc:66072, ENSDARG00000014031 1516 1545 Organic anions
Abcc3 ENSDARG00000010888 314a 1527 Organic anions
Abcc4 LG6 Gene NM_001007038 1363 1325 Organic anions
Abcc5 LG18 ENSDARG00000031253 1516 1437 Organic anions
Abcc6a LG6 ENSDARG00000016750 1510 1503
Abcc6b LG22 ENSDARG00000009582 1414
Cftr LG18 ENSDARG00000010627 1387 1480 Chloride channel
Abcc8 LG25 ENSDARG00000009503 1400 1581 Sulfonylurea receptor
Abcc9 LG4 ENSDARG00000015985 1432 1549 Sulfonylurea receptor
Abcc10 LG11 ENSDARG00000008743 1511 1464 Organic anions
Abcc12 LG7 ENSDARG00000013050 1308 1366
Abcc13 LG24 ENSDARG00000012783 866 1296 b
Abcd1 LG8 ENSDARG00000002665 729 745 Peroxisome
Abcd2 ENSDARG00000007756 594 740 Peroxisome
Abcd3a LG24 zgc:55740, ENSDARG00000034891 886 659 Peroxisome
Abcd3b LG2 ENSDARG00000002947 660 Peroxisome
Abcd4 ENSDARG00000007328 594 606 Peroxisome
Abce1 ENSDARG00000007216 617 599 Translation initiation
Abcf1 LG19 ENSDARG00000029089 905 837 Ribosome assembly
Abcf2 LG2 ENSDARG00000018468 633 623 Ribosome assembly
Abcf3 ENSDARG00000033529, ENSDARG00000005047 727 709 Ribosome assembly
Abcg1a LG5 ENSDARG00000012661 641 824 Sterol transport
Abcg1b ENSDARG00000032770, ENSDARG00000010193 594 Sterol transport
Abcg2a LG15 ENSDARG00000043037 644 655 Toxins
Abcg2b LG1 ENSDARG00000022379 502 Toxins
Abcg2c LG19 ENSDARG00000021183 514 Toxins
Abcg2d LG13 ENSDARG00000016818 613 Toxins
Abcg4 LG15 ENSDARG00000033033 633 646 Sterol transport
Abcg5 LG13 ENSDARG00000012117 612 651 Sterol transport
Abcg8 LG13 ENSDARG00000013556 678 673 Sterol transport
Abch1 LG17 ENSDARG00000017103 688
The zebrafish ABC genes are shown along with the predicted chromosome location, where known. The zebrafish assembly is in draft form and is incompletely linked
to the chromosomes. The size of the human ABC ortholog is displayed along with the zebrafish predicted protein. Putative substrates and functions are derived from
knowledge of mammalian genes, and many are speculative.
a Partial gene.
b Macaque gene (human ABCC13 is a pseudogene).
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Fig. 1. Analysis of vertebrate ABC gene birth and death events. (A) Each of the vertebrate ABC genes that have undergone a gene duplication or loss is displayed. The
ancestral gene is shown in bold and the duplicated gene in light face. Orthologs to the ancestral gene are represented as light blue squares. Green squares represent
duplicated genes that have persisted in multiple lineages, dark blue squares are genes that are present in a single lineage, and red squares are genes that have undergone
gene death. All other ABC genes are found in all five species, except for ABCB4 and ABCB5, found only in mammals, and ABCC2, found in chicken and all
mammals [41]. (B) Adjacent gene duplication events. The arrows represent the transcriptional orientation of the gene. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Table 2
Duplication of genes by subfamily
Subfamily Duplication No duplication % duplication
ABCA 5 2 71
ABCB 5 5 50
ABCC 2 8 20
ABCD 2 1 67
ABCE 0 1 0
ABCF 0 3 0
ABCG 2 3 40
Total 16 23 39
41% 59%
Genes for each subfamily that have undergone duplication or have not been
duplicated in vertebrates were tallied. Genes that were the product of duplication
(such as ABCA6, ABCC6, and Abcg3) were ignored. 2/2 ABCB FT genes and
3/8 HT genes were duplicated.
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subfamily are ABCA1 and ABCA4/ABCR. Mutations in
ABCA1, which is involved in a cholesterol efflux pathway, are
associated with the accumulation of cholesterol in macrophages
and peripheral tissues and with high-density lipoprotein (HDL)
deficiency. The ABCA4 gene is mutated in several eye disorders
including Stargardt disease, cone–rod dystrophy, and retinitis
pigmentosa. Recently, two additional members of the ABCA
subfamily were shown to be associated with genetic disorders in
human. Mutations in the ABCA3 gene were found to cause fatal
surfactant deficiency in newborns [17] and mutations in
ABCA12 were found to be associated with lamellar ichthyosis
type 2 [18] and harlequin ichthyosis [19].
We have identified three ABCA subfamily genes from C.
intestinalis and nine from the zebrafish genome. One of the
Ciona sequences seems to be an ancestor of the mammalian
ABCA1, ABCA4, and ABCA7 group. ABCA7 has been recently
shown to participate in cholesterol metabolism and HDL
maturation [20]. The second Ciona gene is related to ABCA3 in
human and the Abca14–16 cluster in mouse [21,22]. The third
Ciona sequence is the ancestor of the cluster of ABCA5-like
genes that are expanded in mammals [23]. Zebrafish has a
single ABCA5-related gene and chicken has three genes in this
cluster. This indicates that the expansion of the cluster of the
ABCA5-related genes probably started before the split of
lineages leading to birds and mammals (Figs. 2B and 2C).
The cluster of ABCA5-related genes is a region of both gene
birth and gene death in mammals. One gene from this cluster,
ABCA10, has been lost in rodents and is a pseudogene in dog
(Supplementary Figs. 7–12). Putative exons of dog Abca10
contain a number of frameshifts and stop codons, and in contrast
to other genes in this cluster, there are no ESTs for dog Abca10.
On the other hand, Abca8 has been duplicated in rodents. There
are only two genes in the ABCA subfamily that are the result of
a fish-specific duplication: the ABCA4- and ABCA1-like genes.
To analyze further the genes that show fish-specific
duplications, we determined whether the genes were present
in extended duplicated blocks and whether they evolved at
different or similar rates and also estimated the age of the
duplications. To establish whether ABCA1-like genes and
ABCA4-like genes are located on duplicated blocks, long-range comparison of genomic nucleotide sequences was
performed. A 1-Mb segment of the genomic sequence
surrounding the genes of interest was used to perform dot-plot
analysis using PipMaker (Figs. 3A and 3B). We did not find any
similarity outside of the ABC genes in the regions in which we
were looking except for some repeat sequences, which indicates
that either the ABCA1 and the ABCA4-like genes in zebrafish
are results of single-gene duplications or the respective genomic
regions were extensively rearranged after the whole-genome
duplication.
To determine the age of these duplications the molecular
clock hypothesis was tested using the two-cluster and branch-
length tests in the LINTREE package [24]. In initial analysis,
ABCA1 protein sequences from human, mouse, rat, chicken,
and zebrafish were used as well as human ABCA7 as an
outgroup for rooting the tree. The analysis showed that the
sequences have evolved at similar rates, therefore, a linearized
tree was constructed (Fig. 2D). The tree was calibrated using a
rodent–primate split date of 75 Myr and mammal–fish split of
450 Myr. Both date estimates agree with each other and give the
duplication date for zebrafish ABCA1-like genes as ∼350 Mya,
which agrees with the proposed date of whole-genome
duplication in fish. For ABCA4-like sequences, the deviation
of the rates of evolution was too high and therefore the
duplication time could not be estimated.
The mouse genome contains four additional genes (Abca14,
Abca15, Abca16, and Abca17) that are related to ABCA3 but
lack functional orthologs in the human genome [21]. The
ABCA14–16 gene cluster and ABCA17 are also present in the
dog genome (Fig. 1A).
The ABCB subfamily
The ABCB subfamily can be divided into a group of full
transporters, including ABCB1/MDR1, and a group of half-
transporters (Supplementary Figs. 1 and 2). With 15 members,
this is the largest subfamily in zebrafish.
There are four ABCB full transporters in the human genome,
a duplicated copy of both the ABCB1 and the ABCB11 genes in
zebrafish, and six additional ABCB full transporter genes in
Ciona. ABCB1/MDR1 is one of the most intensively studied
ABC transporters, because of its role in multidrug resistance. In
Ciona Scaffold 29 there are two ABCB1-like genes that are 95%
identical at the amino acid level, 94% at the nucleotide level of
the predicted transcript, and approximately 70% at the genomic
sequence level. The genomic loci differ also in the presence of a
number of insertion/deletions, most ranging from 1 to 30
nucleotides, but a few are up to 300 nt in length. This shows that
the process of generation of new genes by duplication is active
in Ciona. The ratio of nonsynonymous to synonymous
substitutions is 0.21 (0.023/0.11 as calculated based on the
Pamilo–Bianchi–Li method), which does not indicate positive
selection. Abcb1 is also duplicated in rodent and opossum
genomes (Supplementary Figs. 1 and 13–15).
The ABCB4 and ABCB5 genes both first appear in the
mammalian genomes. ABCB4 is the liver-specific transporter
of phosphatidylcholine, a component of mammalian bile. Bile
Fig. 2. Phylogenetic analysis of ABCA subfamily proteins. (A) A neighbor-joining phylogenetic tree of ABCA subfamily proteins from Ciona (Cin), zebrafish (Dre),
and human (Hsa). For comparison, the Abca1 proteins from chicken (Gga), dog (Cfa), and mouse (Mmu) are also shown. In addition, rodent Abca14, −15,−16, and
−17 proteins, which are missing in human, are included. The percentage concordance based on 1000 bootstrap iterations is shown at the nodes. Ciona sequences are
indicated using the last five digits of the respective Gene Model name (Supplementary Table 1). Accession numbers for mammalian sequences are listed in
Supplementary Table 2. A maximum parsimony tree gave identical results (data not shown). (B) Model of ABCA5-like gene cluster evolution. The first duplication
after the split of the bony fish lineage generated the Abca5-like gene (Abca5L). Next, the duplication of Abca5L generated two genes: (i) ancestor of Abca6 and Abca10
(designated as Abca6/10) and (ii) ancestor of Abca8 and Abca9 (Abca8/9). (C) The gene content of ABCA5 cluster in present-day mammals. Rodents have lost Abca10
but gained a fifth gene by duplication of Abca8. Because of the multiple frameshifts and stop codons in putative exons, Abca10 is most probably not functional in dog
and is designated as Abca10ψ. Dot plots of respective genomic regions are included as Supplementary Figs. 7–12.
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with this observation. The function of the ABCB5 gene is
unknown, but it is highly expressed in melanocytes and may
encode a mammal-specific function as well [25,26].
The ABCB half-transporter genes (ABCB2, 3, 6, 7, 8, 9, 10)
are all conserved in dog, chicken, and zebrafish. The ABCB2/Fig. 3. Analysis of genomic regions of some zebrafish ABC genes and dating of gen
Abca1b (BX004781) loci was generated using the PipMaker server. Shown are genom
located. Arrows on (A) and (B) indicate the location of the respective ABC gene.
(ctg24062.1) and Abca4b (ctg24626.1). (C) Date estimate for the duplication of the
LINTREE program.Next, the linearized tree was constructed and duplication time for zTAP1 and ABCB3/TAP2 genes encode peptide transporters that
deliver peptides to the ER to form complexes with class I HLA
molecules [27]. Interestingly there are four ABCB3/TAP2-like
genes in zebrafish; three of them are located in the MHC class I
region on chromosome 19 [10]. The fourth TAP2-like gene is
located on chromosome 12. A genomic clone harboring twoe duplication events. (A) Dot-plot analysis of zebrafish Abca1a (ctg26923) and
ic coordinates of analyzed regions and particular contigs where ABC genes are
(B) Dot-plot analysis depicting genomic regions harboring zebrafish Abca4a
zebrafish Abca1-like genes. Molecular clock hypothesis was tested using the
ebrafishAbca1a andAbca1bwas estimated at about 350million years (Myr) ago.
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8 T. Annilo et al. / Genomics 88 (2006) 1–11TAP2 genes (TAP2A and TAP2B) in zebrafish has been
described [10].
In Ciona only three ABCB family half-transporters were
identified. They are orthologs to the ABCB6, ABCB8, and
ABCB9 genes in the human. The zebrafish genome also
contains two ABCB6-like genes. As is the case for Abca1 and
Abca4, there is no block conservation between the genomic
regions that harbor the two Abcb6 genes (data not shown).
The ABCC subfamily
This is one of the largest subfamilies and contains full
transporters with diverse functions. A distinct group within this
subfamily is formed by members that are related to a multidrug
resistance protein (ABCC1/MRP1). Most MRPs are located at
the cellular membranes and are involved in the export of toxic
compounds. These genes are highly conserved and have
undergone very few duplication or loss events. ABCC7/
CFTR, one of the best studied ABC proteins, functions as a
chloride channel that is mutated in patients with cystic fibrosis.
Six members of ABCC subfamily were identified in Ciona
(Supplementary Fig. 3), five of them are present as full-length
genes. The ci0100150729 and ci0100154589 genes are 50%
identical at the amino acid level and show closer similarity to
each other than to any sequence from fish or human. The
ci0100144289 and ci0100148701 genes show an orthologous
relationship to the human ABCC4 and ABCC10 genes,
respectively.
In zebrafish, nearly all of the ABCC members have one-to-
one orthologous sequence compared to human. The exceptions
are the ABCC6 gene, which is duplicated, and the ABCC11
gene, which is absent in fish. In addition, zebrafish has also a
copy of the ABCC13 gene that is present in the macaque, dog,
and chicken but is inactive in human and great apes due to
several mutations [28].
The ABCD subfamily
The ABCD subfamily contains highly conserved proteins
located in the peroxisome. The functions of these genes are not
clear, but the ABCD1 gene is mutated in X-linked adrenoleu-
kodystrophy. All four genes seen in human are conserved in all
vertebrates (Supplementary Fig. 4). An ABCD1-like gene was
not detected in chicken, but this is likely to represent a gap in the
assembly, as all other vertebrates have this gene. There is also a
duplicated copy of the ABCD3 gene in zebrafish. We were able
to identify two ABCD members from Ciona, related to human
ABCD2 and ABCD4. In addition, there is an intronless copy of
an ABCD3-like gene in Ciona. This is in sharp contrast with
other Ciona genes that, like in vertebrates, are split into many
exons. Surprisingly, however, the ABCD3-like processed copy
contains an ORF of 658 amino acids with 70% identity to the
human ABCD3 protein and the current genome assembly does
not contain any similar genes with introns. The intronless
ABCD3-like copy is represented by at least 25 EST in the
database, indicating that it is expressed and serves as a
functional gene. The yeast Saccharomyces cerevisiae andDrosophila melanogaster also contain two ABCD family
genes, so the expansion of this family to four members
apparently initiated with vertebrates.
The ABCE and ABCF subfamilies
The ABCE and ABCF subfamily proteins possess two ABC
domains but no TMDs. All eukaryotes have a single ABCE
family gene in their genome, except for Arabidopsis, which has
two (At4g19210 and At3g13640). The ABCE1 gene is also
present in archaebacteria. The yeast ABCE1 protein (RLI1)
binds to eukaryotic initiation factors and is required for proper
assembly of the preinitiation complex, like human ABCE1
[29,30].
The human ABCF subfamily contains three members and
they are conserved in all chordates, and at least one ABCF
family gene is found in all eukaryotes. There is, however, a
duplicated copy of ABCF2 in zebrafish (Supplementary Fig. 5).
These proteins are thought to be involved in ribosome assembly
and/or protein translation, accounting for their conservation and
lack of subfamily expansion or duplication. These genes have
undergone very little duplication or loss throughout all
eukaryotes [3].
The ABCG and ABCH subfamilies
The ABCG and ABCH subfamily contain half-transporter
genes with the NBF at the N-terminus. The human ABCG genes
are all implicated in either sterol transport or multidrug
resistance. Mutations in either the human ABCG5 or ABCG8
gene lead to sitosterolemia, a disease characterized by defective
transport of sterols into bile [31,32]. In addition the sterol
transporter genes Abcg5 and Abcg8 are linked in head-to-head
arrangement in zebrafish, the same arrangement as the human
genes, suggesting that there is an evolutionary pressure against
separation of these genes, probably because of the shared
regulatory region. In zebrafish, we have identified and
sequenced four paralogous copies of ABCG2, a gene involved
in the protection of cells from toxins that is believed to play a role
in access of compounds across the intestine and blood–brain
barrier (Supplementary Fig. 6). The genome of mouse and rat
contains a member of the ABCG subfamily, Abcg3, that is not
found in any other organism. All sequences that were revealed
by a search of Abcg3-like genes in the databases for other
organisms are more closely related to Abcg2 than to Abcg3.
Zebrafish is the only vertebrate with a member of the ABCH
subfamily. ABCH genes had been previously identified only in
insects (three copies each in Drosophila and Anopheles) and the
slime mold Dictyostelium discoideum. Phylogenetic analysis
supports the assignment of ABCH genes to a subfamily separate
from, but related to, the ABCG genes (Supplementary Fig. 6,
data not shown).
Discussion
We have identified and annotated the ABC genes from
Ciona, zebrafish, and chicken and compared the results to the
9T. Annilo et al. / Genomics 88 (2006) 1–11previously characterized genes from human and rodents. For
zebrafish we amplified and sequenced several of the genes to
confirm and correct the gene predictions. We cannot exclude the
possibility that these genomes contain additional genes that are
present in gaps in the initial assemblies. For example, the
chicken genome is missing an ABCD1 gene, which is highly
conserved in all other genomes.
Our analysis demonstrates that there is an active gene
duplication process occurring in the ABC multigene family in
vertebrates. This includes ancient events such as the apparent
whole-genome duplication in fish as well as more recent events
such as the Abcg3 gene found only in rodents, Abcb1
duplications in rodents and opossum, and the ABCA10 gene
that has been lost in rodents and is a pseudogene in dog. We
were also able to document gene death events, including the
degradation of the ABCC13 gene in rodents and apes; the
ABCA14, ABCA15, and ABCA16 genes in primates; and the loss
of the Abcc11 gene in rodents. As originally shown for major
histocompatibility complex genes, the birth- and -death process
can keep the number of genes in a gene family relatively
unchanged [5]. Within the ABCA5-related cluster, both gene
birth- and -death and concerted evolution by gene conversion
have been taking place [23]. The rate of gene turnover is
different for different gene families and is particularly high for
immune system or olfactory receptor genes [33]. Studies of a
number of gene families have revealed a general picture of
possible scenarios in which two identical genes are generated by
duplication [34,35]. Most commonly, one of the copies is
silenced by mutations or completely deleted. Otherwise, one
copy may retain its original function, while the other acquires a
new function (neofunctionalization). The third possibility is
subfunctionalization, whereby the original function is separated
(whether spatially or by timing of expression) between the
duplicates.
The highly conserved ABC genes can be assumed to encode
proteins whose functions have changed little over time, and the
lineage-specific genes are likely to encode more specialized
transporters. Therefore model organisms that will be useful for
the study of human diseases caused by mutations in ABC
transporters can be selected. Over 94% of all human ABC genes
have an ortholog in each studied mammal, and 85% of the genes
are orthologous in chicken, 77% in zebrafish, and 40% in C.
intestinalis.
While Ciona is a particularly good model for studying
early development, the majority of ABC genes function in
adult tissues. Zebrafish is also an excellent model for studying
early development and for identifying cell-type gene expres-
sion. In addition, adult organisms can be readily studied and
genetic screens performed to uncover gene/gene interactions
and pathways. Annotating the ABC genes and identifying
their positions on the genetic map will facilitate the
coordination of several zebrafish community efforts in
uncovering gene function and expression. For example,
ESTs to Abca1a and Abca12 have been used in whole-
embryo in situ hybridization experiments and demonstrate
expression of these genes in the early embryo and the pharynx
and intestinal tract, respectively (http://www.zfin.org). Screensfor zebrafish essential genes are also in progress and an
insertion in the Abce1 locus has been shown to be
homozygous lethal [36].
The chicken has been the subject of intense developmental
study for decades. In addition, there is a large commercial
interest in the chicken. Given the vital role of many ABC genes
in cholesterol and lipid transport as well as in the physiology of
many organs, these genes are likely to be of interest. Indeed a
low HDL chicken strain, the WHAM chicken, was identified
and shown to have a mutation in the ABCA1 gene [37].
Interestingly, we have found only 41 ABC genes in chicken, the
fewest of any higher vertebrate. In part, this could be due to the
lower quality of the assembly, compared to mammals. The
chicken genome lacks 7 genes present in the human genome.
On the other hand, we have not detected any bird-specific gene
duplications.
Several ABC genes show a clear one-to-one relationship in
all species, indicating that they perform critical conserved
functions. Other ABC genes that display lineage-specific
duplications and gene losses are candidates for encoding
species- or lineage-specific functions. The ABC gene trees
derived from the species studied show both types of relation-
ships between genes. Not surprisingly, the proportion of one-to-
one orthologous genes is higher in more related species.
Additional studies on the functions of ABC genes in multiple
species are likely to shed insight into the process of gene
evolution.
Materials and methods
Accession numbers for mammalian sequences are provided in Supplemen-
tary Table 2. Database searches were performed against the zebrafish whole
genome assembly sequence version 3 (http://www.ensembl.org/Danio_rerio/).
Scaffold locations and gene structure predictions are according to the same
genome assembly version, unless marked otherwise.
The C. intestinalis genome assembly (v1.0) was searched at (http://www.
genome.jgi-psf.org/Ciona4/Ciona4.home.html) using TblastN and human
protein sequences as a query. To exclude the sequences with a high proportion
of missing data, only sequences that cover at least 60% of the related human
protein were included for further analysis. Obvious duplicates due to the
assembly errors were excluded based on the nucleotide distance less than 0.01.
Additional vertebrate sequences for duplicated genes such as Abcg3 were
searched for by probing the EST datasets.
For phylogenetic analysis, the protein sequences were aligned with
MUSCLE [38] and subjected to neighbor-joining and maximum parsimony
tree-making algorithms in MEGA3 [39]. All nodes with bootstrap support over
95 were found to be identical. Pair-wise similarities were also estimated using
MEGA3. The reliability of the tree was tested using the bootstrap procedure in
MEGA3.Molecular clock hypothesis was tested using LINTREE [24]. Dot plots
were generated using the PipMaker server (http://www.pipmaker.bx.psu.edu/
pipmaker/) [40] with default parameters.Acknowledgments
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